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After acute coronary occlusion an area of severe myocardial dysfunction develops within seconds.' Dyskinesis is apparent in the central ischemic zone, but depression of function extends beyond the ischemic boundaries to involve the adjacent nonischemic myocardium, and this has been termed the functional border zone. chest animal,5-11 the conscious animal model is more analogous to the clinical situation, particularly for the study of acute coronary occlusion and myocardial infarction.12v'3 The complicating effects of anesthesia, baroreflex depression, and the open-chest condition are avoided and, as a result, functional abnormalities are not influenced by these other variables.13*14 Furthermore, since there may be significant differences between the degree of ischemia, the time course of infarction, and subsequent functional alterations in the conscious anima1,1s we designed our study to specifically study the spatial and temporal characteristics of the functional border zone during acute ischemia and infarction in the conscious canine model. Accordingly the specific goals of this study were: (1) to evaluate the circumferential extent of the fmunctionai 'border zone in the conscious dog during acute myocardial ischemia and (2) to assess any dynamic changes that occur in flow and function over the initial hours of ischemia and The proximal left circumflex artery was dissected free for placement of a hydraulic occluder, which was used to produce a coronary occlusion. Two small metallic markers were implanted in the subendocardium at the level of the papillary muscle to aid in spatial registration of subsequent two-dimensional echocardiographic studies. In some dogs a pulsed Doppler flow probe was placed proximal to the occluder on the circumflex artery to monitor coronary blood flow velocity. The signals from the flow probe were processed with a flowmeter constructed at the Dalton Research Center, University of Missouri (Columbia, MO. The isotopes (141Ce, 51Cr, l13Sn, lo3Ru, g5Nb,46Sc) used for each study varied depending on the availability of the isotope at the time. The microspheres, suspended in 10% dextran with 0.01% Tween-80, were ultrasonicated and vortex agitated before injection. One to two million microspheres were injected each time over a 15-to ZO-second period. A previous study in our laboratories has demonstrated that this number of microspheres is sufficient for accurate determinations of blood flow and delineation of the ischemic-nonischemic interface.7 The reference arterial blood sample was withdrawn at a rate of 7 ml/min with a Harvard withdrawal pump starting 10 seconds before injection and continuing for 120 seconds after completion of injection.
Microspheres were injected before occlusion of the circumflex coronary artery, 10 minutes after occlusion, and 2.5 hours after occlusion. frames were selected for analysis. The onset of the Q wave in lead II defined end diastole, and the smallest ventricular cavity defined end systole. Endocardial and epicardial borders were carefully traced directly from the video display by means of a digitizing tablet. All two-dimensional echocardiographic measurements were then reported as the mean of three consecutive heartbeats. Our laboratory has previously validated our two-dimensional echocardiographic measurements by means of a specially constructed phantom and in the intact heart.18rlg Two-dimensional echocardiography was performed with a Diasonics 3400R scanner and a 2.5 MHz transducer. Images were recorded on a videocassette recorder for future analysis. The two-dimensional echocardiography transducer was placed on the closed, shaved, right side of the chest, which served as a standoff to allow full visualization of the circumferential extent of the left ventricle in the short-axis projection.
The left ventricle was scanned from the aortic valve to the apex and the midpapillary muscle position was identified.
Two-dimensional echocardiographic studies were performed at the same time as microsphere injections. Care was taken to make all recordings during periods of normal sinus rhythm.
Occlusion lasted for a period of 3 hours. At the completion of the study the animals were anesthetized with sodium pentobarbitol; they were then killed by potassium chloride injection and the hearts were excised. The left ventricle was dissected from the surrounding tissue and placed in formalin to facilitate subsequent sectioning.
Quantit tive analysis was performed by means of a radial 1 con raction model and a fixed diastolic center of mass at 22.5-degree intervals over the full 360-degree circumference.
For correction of rotation the midpoint of the posterior papillary muscle was fixed at 135 degrees. Wall thickening was calculated as: end-systolic wall thickness -end-diastolic wall thickness/end-diastolic wall thickness x 100%. Area ejection fraction was calculated as: left ventricular end-diastolic area -end-systolic area/ end-diastolic area x 100%. The mean f stanadard deviation wall thickening was calculated for three normal beats, and 95% tolerance limits for normal were established in each animal. Functional maps were drawn for each animal. Functional abnormality was expressed as the circumferential extent (in degrees) and the degree of dysfunction (in square centimeters).
These parameters were measured directly from each occlusion function map. The extent of dysfunction was defined as the circumferential distance between the curve intercepts where the occlusion curve went below the lower normal tolerance limit; the degree of dysfunction was measured as the area of the map, determined by planimetry, that went below the lower tolerance limit (Fig. 1) . ~t.h~rcsrrtim.T.e.~*:.
".,cr,~sls. Wiih lhe use UT a miniRegional blood flow maps. Transverse rings of the left computer-based video digitizing system, two-dimensional ventricle (15 to 18 mm in width) corresponding to the level echocardiographic analysis was performed as previously of the echocardiographic images were used for determinadescribed.5z I7 In brief, end-diastolic and end-systolic tion of blood flow. The cross-sectional rings were dissected into sixteen 22.5-degree full-thickness sectors corresponding to those of the two-dimensional echocardiographic study. The sections near the edge of the ischemic area were divided into two full-thickness sections to improve delineation of the perfusion boundary. Each section of tissue was further divided into equal thirds from the endocardium to the epicardium.
The tissue samples were then weighed and placed in counting vials for assay of radioactivity in a Tracer (model 1185) gamma scintillation counter (Tracer Northern Inc., Middleton, Wis.). After the counts in each tissue sample were corrected for background and overlapping counts with simultaneous equations, blood flow was calculated with the equation: Qm = (C, x &J/C,, where Qm = myocardial blood flow (ml/min), C, = countslmin in tissue samples, Q, = withdrawal rate of the reference arterial sample (ml/min), and C, = counts/min in the reference arterial sample. Flow per gram of tissue was calculated by dividing flow by the weight of the appropriate sample. Background and overlap corrections and blood flow calculations were performed on an Apple II+ microcomputer. Circumferential blood flow maps were generated by means of a computer-assisted program.5*7 Hypoperfusion was defined as a 50% decrease in subendocardial blood flo~,~ and the extent of hypoperfusion was measured in degrees ( Fig. 2) .
Data analysis.
The circumferential wall thickening maps were superimposed on the subendocardial perfusion maps to compare the extent of dysfunction with the extent of hypoperfusion5
In some animals geometric distortion related to fixation produced spatial registration irregularities at the lateral borders of the flow-function maps. In these instances the maps were superimposed by matching the centers of the hypoperfusion and dysfunctional zones and generating the maps laterally from these centers. In all animals the functional horder zone was defined as the absolute difference (measured in degrees and millimeters)
between the circumferential extent of dysfunction and the circumferential extent of hypoperfusion (Fig. 3) . In addition, three regions consisting of two sectors each were identified on each regional functional and flow map for statistical comparison of wall thickening and subendocar- dial blood flow during control and ischemic conditions (Fig. 4) . The central ischemic region was defined as two consecutive sectors contained completely within the ischemic area. The border zone region was defined as one of two sectors immediately adjacent to the ischemic area. The normal region was defined as two consecutive sectors remote from the ischemic area. The slope of left ventricular dysfunction was calculated for each lateral functional border. The region in the area 0 to 50 degrees corresponded to the septal border,.whereas the region in the area of I50 to 200 degrees was the free wall border. Each slope was measured by performing linear regression analysis on the function points from the central ischemic zone to the normal myocardium on each lateral border. Statistical analysis. All values are expressed as mean + standard error. Analysis of variance was used to analyze differences within groups across conditions. When a significant effect was seen, paired t tests were used to discriminate which conditions differed from one another. Bonferroni correction of the acceptable p level was used.?'
RESULTS

Hemodynamic parameters.
The dogs weighed 24.5 ? 0.9 kg. Hemodynamic data are summarized in Table I . Heart rate increased significantly from baseline to occlusion @ < 0.003). Although heart rate dropped by the end of the occlusion period, it was still significantly increased above baseline (p < 0.02). There was no change in mean arterial pressure or left ventricular systolic pressure with occlusion. Left ventricular end-diastolic pressure increased significantly with occlusion (p < 0.003) and remained elevated at the end of the 2.5 hours (p < 0.02). Late in occlusion there was a significant drop in peak positive dp/dt 0, < 0.02). There were no changes in peak negative dp/dt over the course of the study.
Global left ventricular function.
Changes in left ventricular function are outlined in Table II area was significantly increased at late occlusion (p < 0.05). Left ventricular end-systolic area increased early after occlusion from 5.1 -t 0.5 cm2 to 9.2 +-0.9 cm2 Cp < 0.01) and remained increased 2.5 hours later (9.5 + 0.9 cm2). Left ventricular area ejection fraction was 66.1 + 2.1% at baseline and decreased to 43.0 + 2.8% with occlusion (p < 0.01). Area ejection fraction was not reduced further 2.5 hours after occlusion (44.2 + 2.2%).
Regional left ventricular function.
Left ventricular dysfunction, as determined by two-dimensional echocardiography, was visually apparent immediately after occlusion in all animals. Percentages of wall thickening in the normal zone, the functional border zone, and the central ischemic zone are summarized in Table III and Fig. 5 . In the central ischemic zone wall thickening was replaced by thinning (-0.5 f 3.6% ; p < 0.01) at early occlusion. There was minimal improvement at the end of the occlusion period, but this change was not statistically significant. In the normal zone wall thickening was unaffected by the ischemic insult. However, in the functional border zone there was significant dysfunction after occlusion (p < O.Ol), and no improvement was noted 2.5 hours later. The extent of the wall thickening abnormality was 197.4 + 11.0 degrees at early occlusion and remained unchanged (183.5 +-8.6 degrees, p = NS) at late occlusion. The degree of dysfunction remained the same throughout occlusion (46.6 + 3.9 cm2 at early occlusion vs 39.9 -t 5.2 cm* at late occlusion; p = NS).
Differences in the absolute slope of dysfunction measured directly from the circumferential left ventricular function maps are shown in . Slope of dysfunction for septal and left ventricular free wall is illustrated after 5 minutes of occlusion and at 2.5 hours of occlusion. Note slope of dysfunction of septal wall is significantly less than that of free wall at 5 minutes of occlusion. Difference is no longer apparent at 2.5 hours of occlusion.
tion was less (p = 0.0067) than the free wall slope of dysfunction. However, by 2.5 hours of occlusion this difference in slopes of dysfunction was no longer apparent.
Myocardial blood flow. The myocardial blood flow data are su mmarized in Table IV and Fig. 7 . Baseline blood flows were comparable in all zones. After coronary occlusion blood flow in the central ischemic area decreased markedly.
In the functional border zone there was no significant change in myocardial blood flow either at 5 minutes or 2.5 hours after occlusion compared to baseline values. In the normal nonischemic zone, blood flows increased immediately after coronary occlusion but were similar to baseline. vn!ues by 2.5 horns after coronary occlusion. In addition, it is important to note that blood flows in the functional border zone were similar to those in the normal nonischemic Flow-function relations during LV ischemia 1519 area, both at 5 minutes and 2.5 hours after coronary occlusion (Table IV) . The extent of hypoperfusion in the subendocardium measured 144 f 6 degrees at 5 minutes after occlusion and was similar (139 rt 4 degrees) at 2.5 hours.
Circumferential flow-function relations.
The circumferential extent of left ventricular dysfunction was consistently greater than the extent of subendocardial hypoperfusion (197.4 & 11.0 degrees vs 143.6 f 6.4 degrees at early occlusion and 183.5 f 8.6 degrees vs 138.9 f 5.4 degrees at late occlusion; p < 0.0005 for both comparisons).
The functional border xone therefore measured 54 -t 8 degrees (or approximately 9 mm on either lateral border) at early occlusion and 45 +-11 degrees (or approximately 8 mm) at late occlusion (Fig. 8) . The change from early to late occlusion was not statistically significant.
DISCUSSION
Our results in these studies, performed with conscious closed-chest dogs, indicate that a zone of dysfunction measuring approximately 50 degrees surrounds the ischemic area produced by circumflex coronary artery occlusion. This corresponds remarkably closely to results of our previous studies performed in anesthetized open-chest dogs?' suggesting that neither anesthesia nor the conscious state significantly alters circumferential flow-function relations after sudden severe myocardial ischemia. Indeed the similarities in these studies support the concept that severe myocardial ischemia is the most important factor in producing the tethering effect that constrains the lateral zones of the ischemic j-,d
2-11 .
There were marked hemodynamic and loading differences between results of our previous studies in the anesthetized dogs and those of the present studies in the conscious dogs. Of note, the heart rate increased after coronary occlusion (58% ; p < 0.003) in the conscious animals, whereas there was little change (-3% ; p = NS) in the anesthetized dogs. There was a marked increase in the left ventricular end-diastolic area in the anesthetized group (+24% ; p < 0.01) with little change in the conscious group (+7 % ; p = NS). The fact that we observed similar circumferential flow-function results despite markedly different hemodynamic and loading conditions between the anesthetized and the conscious groups further underscores the fact that the functional border zone is relatively fixed after a severe ischemic insult.
It is also interesting to note that the degree of wall thickening abnormality in the functional border zone was modest in the conscious animals (absolute change = -39 % ) compared to the anesthetized dogs (absolute change = -56% ). This most likely relates to the fact that reflex changes in remote nonischemic myocardium are consistently greater in the conscious animals than in the anesthetixed animals. This reflex increase in remote nonischemic thickening may have affected function in the region of the functional border zone as we have recently demonstrated after inotropic intervention.22 This would explain the fact that the relative functional impairment produced by a tethering effect was minimixed in the conscious compared to the anesthetized state despite similar degrees of ischemia as evidenced by reductions in subendocardial blood flow. Our results concerning determination of the functional border zone by means of two-dimensional echocardiography closely agree with those of Gallagher et al.,= who used sonomicrometer techniques in the conscious dog model. In the latter study sigmoid curves to wall thickening data were fitted after circumflex coronary occlusion to model the 8. Extent of left ventricular dysfunction and hypoperfusion is illustrated. Difference between these two extents represents the functional border zone. Note the extent of dysfunction and hypoperfusion does not change between 5 minutes and 2.5 hours. Thus, there is no change in the functional border zone. distribution of regional contractile impairment as a function of distance from the perfusion boundary. The lateral extent of one functional border zone in this study was approximately 30 degrees (or 60 degrees on both lateral borders), which agrees well with the present study. Furthermore, in accordance with our present findings, the average severity of nonischemic dysfunction within the functional border zone was mild. The fact that these studies which used sonomicrometry, and the present study, which used two-dimensional echocardiography, yield similar results despite differences in measurement techniques and methods of analysis further emphasizes by wall thickening measurement changed during this time frame. Although infarct size was not directly determined for the purpose of this study, our results support the fact that myocardial necrosis does not alter flowfunction relations during the early phase of infarction. This is in agreement with results of recent studies from our laborato@25 and others,% which have examined serial functional changes over the first few hours of coronary occlusion. These experiments have shown that the functional abnormalities determined within minutes of coronary occlusion are well demarcated and do not change over the next 6 hours. However, in these previous investigations myocardial blood flow was not measured so that dynamic changes in myocardial perfusion could not be eliminated as a complicating factor in the interpretation of the functional results. Our data extend the findings of these earlier experiments by providing evidence that perfusion abnormalities, as well as regional dysfunction, do not change over the first few hours of myocardial ischemia and infarction.
The asymetry of the slope of transition of regional ventricular function from ischemic to nonischemic regions has been previously noted by us in the anesthetized animal mode1.22 The septal wall had a significantly less steep slope of transition compared to the lateral wall, suggesting that the septum may exert, a different level of tethering or constraining effect on normal myocardium that does not occur in the regions of the lateral free wall. However, the fact that there was an initial difference in the slope of transition between the septal wall and the free wall after coronary occlusion, which subsequently resolved at 2.5 hours of occlusion, suggests that some form of global left ventricular remodeling may be occurring during the early infarct period. This remodeling did not influence the circumferential flow-function relations but may be an important mechanism in subsequent shape changes that occur after infarction, as is most severely evident in the case of infarct expansion. Serial studies over a Flow-function relations during LV &hernia 1521 period of days will be necessary to elucidate the potential effect of remodeling on myocardial function or infarct expansion.
The possible mechanisms responsible for the functional border zone have been addressed in several previous reports.6-11,27-29 We believe that the most likely explanation is that localized increases in regional left ventricular wall stress occur at the lateral borders of the myocardium as proposed by Bogen et al.%, x, Computations for their theoretical model of the infarcted left ventricle were based on finite element solutions yielding end-diastolic and end-systolic pressure-volume curves from which ventricular function curves were calculated for infarcts of varying sizes and material properties. By means of the theoretical model they predicted that circumferential stress was increased in the 49-to 60-degree zone immediately adjacent to the infarct area in close agreement with our present and previous findings. 5,7 The level of stress amplification in this zone was found to be independent of infarcts between 15% and 40% in size but diminished with increasing stiffness. However, the precise pathophysiologic mechanisms related to dysfunction in the border area remain to be elucidated.
There are certain methodologic concerns that should be noted in our study. Although both internal landmarks and implanted metallic markers were used to carefully identify and reference the "slice" of myocardium used for both functional measures by two-dimensional echocardiography and coronary flow measures by radioactive microspheres, we cannot exclude the possibility of registration error in constructing our circumferential flow-function maps. It would require a minimum of three markers to clearly identify a specific tomographic plane. And even with precise identification of the sector plane there is no simple way of correcting for the change in tomographic plane that occurs because of threedimensional translational motion of the heart between diastole and systole. The registration difficulties could have been compounded by shrinkage artifacts that occur after fixation of the heart before dissection for gamma counting of samples for blood flow measurements.
However, we should point out that great care was used to precisely match internal landmarks of the heart, such as the papillary muscles, and to correct for rotational error. Furthermore, in the case of obvious misregistration of flow and function data, the flow and function maps were constructed laterally from the midpoints of the subendocardial blood flow abnormality and the region of dyskinesis. This phase correction shift of flow-function would then correct this error but would make measurement of absolute functional border zones at one lateral border impossible. As a result the total functional border zone was measured, and a single lateral dimension was estimated as approximately one half of the total abnormality. In addition, we should acknowledge the fact that our flow-function maps are constructed from discrete data points at 22.5-degree intervals. In this sense our data are not continuous but approach the limits of spatial resolution of the techniques that we used. Finally we should comment on our definition of hypoperfusion zone, which was based on an arbitrary 50% decrease in subendocardial blood flow as suggested by previous investigators.2o It should be noted, however, that blood flow decreases abruptly at both lateral ischemic borders, and thus a change in blood flow threshold for hypoperfusion is unlikely to significantly alter the width of our functional border zones. Despite these unavoidable limitations of our methodology, we believe that any errors in measurements are minimal and are unlikely to have affected our results.
Our method of analysis may have influenced our results since we have measured specific zones directly from our circumferential flow-function maps, whereas others99 lo have used specific categorical data. This may partly explain some of the apparent discrepancies and controversies related to the size of the functional border zone. However, we should emphasize the fact that our results achieved by means of our specific methods of analysis agree closely with those achieved with sonomicrometry techniques.7
There is also a growing consensus among investigators that this functional border zone is relatively discrete. 5-8, 11, 23 Our data have important clinical implications that deserve comment. Given that the conscious dog is a better model of the clinical situation than the anesthetized anima1,12 our results can be extrapolated cautiously to acute myocardial ischemia and infarction in humans. It is important to emphasize that the functional abnormality produced after occlusion occurred immediately and was unchanged over the initial few hours after infarction. Thus any significant change in regional function in the ischemic area after acute coronary occlusions should correspond to a change in regional perfusion or a change in the intensity of ischemia. For example, in the setting of thrombolytic therapy or other acute intervention, regional function may improve as myocardial perfusion is restored. However, this response may be masked by the well-described stunning of myocardial function, 30, 31 at least for several hours or days after the initial ischemic insult. Another clinical implication relates to the use of the circumferential extent of the functional abnormality as an index of the size of the acute ischemic area at risk. Although results of our previous studies, the present investigation, and other reports all indicate that the functional abnormality overestimates the size of the ischemic area, there is now a consensuP1 11, 23 that this overestimation measures approximately 50 degrees in total extent (or 8 to 9 mm on each lateral border) after proximal circumflex occlusion. Thus the size of the ischemic area at risk could be estimated by subtracting this sum from the total functional abnormality. It should be emphasized, however, that this provides only an estimate of the area at risk and not of infarct size, since the rate or progression of evolution of infarction is not reliably reflected by acute changes in functional parameters. Changes in the extent of the functionally defined area at risk may prove useful for evaluation of different interventions. We emphasize, however, that subtantial additional research is necessary to explore these possibilities, especially in light of recent preliminary evidence that the size of the functional border zone may vary by location in the left ventricle.32
In conclusion, our data demonstrate that a functional border zone measuring approximately 50 degrees exists in the conscious animal after occlusion of the circumflex coronary artery. The flowfunction relations that are established immediately after coronary artery occlusion do not change over the first 2 to 3 hours in the evolutionary phase of infarction.
These data suggest that functional parameters are useful in estimating the size of the myocardial area at risk in the early hours after acute circumflex coronary occlusion. 
